Solution-processed, organic semiconductors based field-effect transistors (FETs)[@b1], which may enable portable, lightweight and conformable electronics, are experiencing a boost in performances mainly thanks to the recent development of high-mobility donor-acceptor semiconducting copolymers[@b2][@b3]. Yet, a clear picture of the mechanisms governing charge transport in thin polymeric films, which would enable the control of field-effect mobility (*μ*), is missing[@b4][@b5]. While in general the degree of crystalline order is recognized to play an important role in sizing field-effect mobility in solution-processed *π*-conjugated semiconductors[@b6][@b7], polymer thin films, usually deposited by spin-coating or printing techniques, are inherently prone to disorder. Charge carriers are usually highly localized and denote polaronic features[@b8]; importantly they have to drift/percolate in the accumulated channel of a FET for distances from a few to 100 μm in most of devices presented in the literature. In this framework, *μ* is evidently a figure of merit which averages *local* properties (molecular structure, packing, electronic couplings), developing at the (sub-)nanometer scale, over distances orders of magnitude larger, thus urging to investigate and control different length scales, from the molecular one up to the macro-scale which characterizes prototypal devices. Very recently the importance of para-crystallinity of the ordered phase within disordered films has been proposed in support of a unifying picture where trapping caused by lattice disorder dictates the charge transport properties in high-mobility polymer semiconductors[@b9]. Moreover, long-range orientational order, revealed by soft X-rays techniques, has been reported to nicely correlate with *μ* for a *p*-type polymer with a liquid-crystalline meso-phase[@b10]. On a larger scale, it was shown that polymers specifically designed to show lyotropic liquid-crystalline behavior can achieve alignment of the conjugated core over large areas, enabling efficient charge transport preferentially along the polymer chain direction[@b11]. These studies indicate that the complex microstructure of polymer films influences charge transport at different length-scales.

Recently developed donor-acceptor copolymers[@b12][@b13], displaying high *μ* values (\>1 cm^2^/Vs) even in presence of a substantial degree of disorder, excite particular interest. Among these materials, poly{\[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl\]-alt-5,5′-(2,2′-bithiophene)} ([Figure 1a](#f1){ref-type="fig"}, P(NDI2OD-T2)) represents a notable example[@b14]: it stands for a class of materials which can yield high electron mobility[@b15][@b16][@b17] and it is one of the most studied *n*-channel polymeric semiconductors in the recent literature, displaying electrons mobility from \~0.10 up to 0.96 cm^2^V^−1^s^−1^ [@b14][@b18]. Importantly, despite the several reports on the subject, the control the mobility in the reported range has not been rationalized yet.

While most of the studies on P(NDI2OD-T2) devices concentrated on the semiconductor-dielectric interface[@b18][@b19][@b20], surprisingly no direct correlation of transport properties with the specific semiconductor microstructure has been reported. Films spun from dichlorobenzene are characterized by the co-presence of an amorphous-like phase and a highly interconnected ordered phase[@b21][@b22], where polymer backbones lay preferentially flat on the substrate[@b23]. For spun films, not treated beyond their melting point, the ordered phase show crystalline planes parallel to the substrate[@b24] (the so called "face-on" structure), in which the conjugated segments lay with a dihedral angle between the NDI and thiophene units[@b23]. Melt-annealing treatments allow to drastically modify the orientation of the ordered phase[@b25]; however, frustrating common arguments regarding charge transport, mobility values are minimally affected[@b26].

As well as thermal annealing, a common strategy to access and improve molecular self-assembling consists in the accurate choice of the processing solvent and of the deposition/treatment technique employed[@b27][@b28]. Here we demonstrate that in P(NDI2OD-T2) electrons mobility can be controlled over two orders of magnitude, with maximum saturation mobility exceeding 1 cm^2^/Vs at high gate voltages, with a simple spin-coating process by adopting solvents which introduce a different amount of chains pre-aggregation in the solution. Pre-aggregation refers to the formation of molecular aggregates already in solution, as an effect of the particular solvent adopted, prior to the deposition of the film. Solvents yielding a higher degree of pre-aggregation enable liquid-crystalline like long-range order with exceptionally extended orientational domains, spanning hundreds of micrometers, thus strongly enhancing charges mobility in FETs. By linking transport properties to length scales from the meso- to macro-scale, this work offers a critical perspective for controlling and further improving mobility in polymer FETs.

Results
=======

Formation of P(NDI2OD-T2) birefringent films
--------------------------------------------

A clear effect of the solvent on P(NDI2OD-T2) absorption in solution was observed by Steyrleuthner *et al*. and imputed to intra-chain aggregation phenomena induced by different solvation properties; however, no relevant differences were observed in the optical absorption of thin films obtained from solutions with variable amount of pre-formed aggregates[@b29]. Since UV-Vis optical spectra reflect on average the local molecular conformation and inter-chain interactions of the conjugated segments, the previous observations do not preclude a different morphology of the films on a larger scale length, which we have investigated here.

The different degree of pre-aggregation may instead have a critical role in the large-scale morphology of the deposited films - and then in charge mobility - as plainly evidenced by the polarized light microscope analysis (PLM), a simple contrast-enhancing technique that improves the quality of images obtained with birefringent materials. We have employed as solvents toluene, which induces the highest level of pre-aggregation in solution, 1,2-dichlorobenzene (DCB), where a smaller content of aggregates is present, and a mixture of chloronaphthalene and chloroform (CN:CF, 80:20 in volume), which hampers the formation of aggregates[@b29] ([Supporting Information, SI, Figure S1](#s1){ref-type="supplementary-material"}). A striking difference emerges in PLM images of the 40--50 nm thick corresponding films deposited by spin-coating: while substantially no features appear in films deposited by CN:CF and DCB ([Figure S2](#s1){ref-type="supplementary-material"}), birefringent domains extending even for millimiters have been observed in films deposited by toluene ([Figure 1](#f1){ref-type="fig"}). These domains are optical fingerprints of an order which extends over the macro-scale and their formation suggests a liquid-crystalline order parameter for the polymer chains, which preserve a preferred directionality, i.e. an average direction of the backbone maintained over a certain spatial range, depending on the deposition conditions, such as the spin-speed. While we always observe birefringence in P(NDI2OD-T2) films deposited from aggregates-rich solutions, the elongation of domains can be hampered by too fast spin speeds or by a short interaction time of the aggregates with the substrate ([Figure S3](#s1){ref-type="supplementary-material"}).

We verified that the mechanism locking this peculiar morphology is primarily dictated by the amount of aggregates rather than by the solvent boiling point: if we adopt mesitylene as a further solvent, characterized by a much higher boiling point (\~164°C) with respect to toluene (\~110°C), and closer to DCB one (\~180°C), solutions display aggregation features as in toluene and produce birefringent films similar to [Figure 1](#f1){ref-type="fig"} when deposited by spin-coating at similar spin-speeds ([Figure S4](#s1){ref-type="supplementary-material"}). While ordering of functional polymer films is generally achieved with specific alignment techniques[@b30], it is rather remarkable that such morphology can be obtained already by means of spin-coating, on bare glass substrates without particular surface or thermal treatments. Indeed, we observe the formation of the birefringent pattern immediately after spinning at room temperature for just 30 seconds, where a relevant amount of solvent is still present in the film. Drop-casting indicate that the pattern forms at the interface with the substrate already when a substantial amount of the solutions is still drying ([Figure S4e](#s1){ref-type="supplementary-material"}), confirming the strong effect of aggregates-substrate interaction in defining the film morphology.

Orientational order as the origin of birefringence
--------------------------------------------------

We have further analyzed the morphological differences on a smaller scale by means of detailed AFM measurements. The topography of films from CN:CF consists of small nodules, just a few tenths of nanometers large, composing a surface with a Root Mean Square Roughness (*R~RMS~*) of 1.9 nm ([Figure 2a and b](#f2){ref-type="fig"}). Differently, films from DCB and toluene display a smoother topography (*R~RMS~* \~ 0.6 nm), with supra-molecular fibrils which are 10--20 nm wide ([Figure 2c, e](#f2){ref-type="fig"}), clearly composed, at an even smaller scale, by elongated rod-like features, which appear 2--3 nm wide through convolution with the scanning tip ([Figure 2d, f](#f2){ref-type="fig"}). By comparing DCB and toluene processed samples, a clear and decisive difference in the correlation length of the fibrils emerges: in the case of DCB, fibrils appear to be shorter, more branched and entangled, and their directional correlation is apparently lost within several hundreds of nanometers ([Figure 2c and d](#f2){ref-type="fig"}), in agreement with recently reported TEM[@b22] and Charge Modulation Microscopy[@b31] results on similar films. Differently, much longer fibrils are obtained from toluene, where a preferential orientation of the fibrils is preserved over several microns ([Figure 2e, f](#f2){ref-type="fig"} and [Figure S5](#s1){ref-type="supplementary-material"}). This orientational order of supra-molecular structures justifies the birefringent features observed with PLM.

To clarify the relationship between PLM observations and topography, we have further analyzed the films from toluene with a single polarizer ([Figure 3](#f3){ref-type="fig"}) and AFM measurements extended over large areas at the edges between different domains ([Figure S5](#s1){ref-type="supplementary-material"}). With the former, it is possible to identify in detail the orientation of the absorbing conjugated segments within polymer chains with respect to the impinging polarized light. When turning the polarizer of 90°, the wider dark areas (polymer backbone parallel to the polarized axis) become bright and vice versa, passing through the narrow lines of conjunction (backbone at 45°) between the two preferential orientations. Correspondingly the AFM analysis highlights the presence of domains that are tens of micrometers large, characterized by two specific alignments of the fibrils, one perpendicular to the other. Since in each domain the absorbance is stronger in the direction parallel to the fibrils, this reveals that the polymer backbone have to be preferentially extended in the direction of the fibrils. The transition between the two fibrils directions is not sharp, but is achieved through a smooth change of the angle over a distance of \~10--20 μm ([Figure S5](#s1){ref-type="supplementary-material"}): it is within this transition area that at 45° it is possible to observe neat, 5 to 10 μm wide lines through a polarizer which separates the wider domains. Within these marked lines fibrils can keep parallel to each other over samples as wide as 1--2 cm^2^.

Effect of long-range order on charges mobility
----------------------------------------------

Spurred by these compelling observations, we have fabricated Top-Gate, Bottom-Contacts FETs ([Figure 4a](#f4){ref-type="fig"}) to directly assess the impact of the reported macro-scale morphologies on the charge transport properties. All devices show excellent *n*-type characteristic curves ([Figure 4b,c](#f4){ref-type="fig"} and [Figure S6](#s1){ref-type="supplementary-material"}) where the highest currents are consistently measured on films deposited from toluene (mesitylene provides similar results, see [SI](#s1){ref-type="supplementary-material"}), followed by DCB. The worst performances are recorded for films from CN:CF. We have extracted *μ* in the linear and in the saturation regime ([Figure 4c](#f4){ref-type="fig"}) for at least 10 devices with a channel length *L* = 20 μm for each system. In the linear regime (*V~d~* = 5 V) the average mobility corresponds to 0.279 cm^2^V^−1^s^−1^, 0.242 cm^2^V^−1^s^−1^, 0.071 cm^2^V^−1^s^−1^, 0.015 cm^2^V^−1^s^−1^ for devices from toluene, from mesitylene, from DCB and from CN:CF, respectively (standard deviations: 0.109 cm^2^V^−1^s^−1^, 0.080 cm^2^V^−1^s^−1^, 0.025 cm^2^V^−1^s^−1^, 0.005 cm^2^V^−1^s^−1^ respectively). While linear mobility values are weakly dependent on *V~g~* (for *V~g~* \> 10 V, [Figure 4d](#f4){ref-type="fig"}), in the saturation regime (*V~d~* = 50 V) this is true only for the CN:CF case. Saturation mobility shows an evident *V~g~* dependence on devices based on films where fibrils are present, an effect which is stronger in the most aligned samples (i.e. from toluene). For the DCB and toluene case, up to *V~g~* = 15--20 V, saturation mobilities are similar to linear mobilities, while for *V~g~* \> 20 V the gate voltage dependence leads to much higher saturation values. At *V~g~* = 50 V, the average saturation mobility corresponds to 0.730 cm^2^V^−1^s^−1^, 0.750 cm^2^V^−1^s^−1^, 0.095 cm^2^V^−1^s^−1^ and 0.020 cm^2^V^−1^s^−1^ for devices from toluene, from mesitylene, from DCB and from CN:CF, respectively (standard deviations: 0.370 cm^2^V^−1^s^−1^, 0.495 cm^2^V^−1^s^−1^, 0.050 cm^2^V^−1^s^−1^ and 0.005 cm^2^V^−1^s^−1^ respectively). Within our tests on 20 μm devices, a maximum saturation mobility of 1.5 cm^2^V^−1^s^−1^ was measured on a film deposited from mesitylene at *V~g~* = *V~d~* = 50 V. We have also scaled the channel lengths of devices to further investigate the gate voltage dependence of mobility ([Figure 4f](#f4){ref-type="fig"} and [Figure S7](#s1){ref-type="supplementary-material"}), which is likely due to an effect of the lateral field on injection and/or transport[@b32][@b33]. Linear mobilities do not vary with *L* from 5 to 20 μm, while the gate voltage dependence of saturation mobility is stronger and stronger with shorter channel lengths, clearly pointing to an effect of the large lateral field dropping over the channel from source to pinch-off point. Owing to this, on 10 μm devices, we can extract mobility values exceeding 1 cm^2^V^−1^s^−1^ for *V~g~* = 30 V, both for samples deposited from toluene and mesitylene; this mobility value is reached already at *V~g~* below 20 V for *L* = 5 μm.

Discussion
==========

Our data show that charge transport in a high-mobility donor-acceptor copolymer is drastically affected by the film morphology and that the longer the length of the orientational order, the higher is the field-effect mobility. We can suggest that when the long-range order is maintained over distances exceeding the channel length of the devices (5--20 μm), efficient charge transport from source to drain can be observed. One fundamental question regards the nature of the charge carriers, and how this is affected by the different film microstructure. To shine light on this aspect, we have performed Charge Modulation Spectroscopy (CMS) measurements[@b34], which probe the charge induced features in the nanometer-thick accumulated channel ([Figure 5](#f5){ref-type="fig"}). The spectra of devices from all employed solvents show similar polaronic absorption features, which have been previously discussed[@b19], with only a slight broadening for toluene and DCB case and no appearance of different transitions. This means that the charge carrier, which is similarly localized in all the cases, is experiencing a comparable local electronic structure. It is therefore possible to conclude that the differences in *μ* cannot be ascribed to a different nature of the local packing and chain conformation; indeed also UV-vis absorption spectra, here reflected in the positive bleaching band which accounts for transitions of only the ground-state conjugated segments probed by charges, are very similar. Moreover, previous studies reveal that the content of aggregates does not substantially vary from film to film[@b29]. This brings us to the conclusion that it is the macro-scale which is sizing the field-effect mobility, underlining the role of long-range order in enabling an efficient percolation pathway for localized polaronic charge carriers through more efficient interconnections of similar aggregates. At the same time, we observe that associated with fibrils within films and their ordering, a gate voltage dependence of mobility develops in the saturation regime. Although further investigations are required, this is an interesting feature, which could indicate that high lateral voltages differently affect the transport properties, depending on the particular morphology of the film and alignment of polymer chains.

These results provide important indications for the further improvement of charge transport in polymer FETs in order to meet mobility figures suitable for their wide-spread applications in electronics products. While chemical design of molecular structures yielding higher and higher field-effect mobility is assisting this development, we show how critical parameters, such as pre-aggregation, can be used as powerful tools in order to control and enhance field-effect mobility in thin polymeric films deposited even by a simple spin-coating process, thanks to a solvent-induced, liquid-crystalline like, long-range order.

Methods
=======

Samples and devices preparation
-------------------------------

Thoroughly cleaned 1737F glass or SiO~2~ were used as substrates for all the films realized in this work. FETs were fabricated according to a Top-Gate, Bottom-Contacts architecture. Bottom Au contacts were defined by a lift-off photolithographic process with a 0.7 nm thick Cr adhesion layer. The thickness of the Au contacts was 30 nm. Patterned substrates were cleaned in an ultrasonic bath in isopropyl alcohol for 2--3 min before deposition of the semiconductor or the dielectric. P(NDI2OD-T2) was purchased from Polyera Corporation (Activink™ N2200). Solution of P(NDI2OD-T2) in toluene (5 g/l), mesitylene (5 g/l), DCB (9 g/l) and CN:CF solvent mixture 80:20 (10 g/l in total) were prepared, filtered and deposited by spin-coating at 1000 rpm for 30 s to 90 s in a nitrogen glove box. Only the films from CN:CF were stored overnight in high vacuum (7 × 10^−7^ mbar) to ensure the complete removal of the solvent. The semiconductor was then annealed for 14 h at 120°C on a hot plate in a nitrogen atmosphere. PMMA (Sigma-Aldrich) with M~w~ = 120 kg mol^−1^ was spun from 2-butanone (MEK) (with a concentration of 70 g/l). A dielectric-layer thickness of \~660 nm was obtained. After the dielectric deposition, the devices were annealed under nitrogen, on a hot-plate, at 80°C for 4 h. 30 nm thick gate Al electrodes were thermally evaporated as gate contacts. For CMS measurements, the perfluorinated polymer CYTOP CTL-809M dielectric (Asahi Glass) was spun as received at 6000 rpm for 90 s (film thickness \~ 550 nm) as the dielectric layer, and thermally evaporated 4.5 nm thick Au semi-transparent gate electrodes were employed. For UV-Vis absorption of P(NDI2OD-T2) solutions the following concentrations were employed: toluene: 0.5 g/l; mesitylene: 0.05 g/l; DCB: 0.9 g/l; CN:CF: 1 g/l. For PLM and UV-Vis absorption of P(NDI2OD-T2) thin films identical spin coating and annealing procedures as adopted for FETs fabrication were employed.

Films topography and thickness
------------------------------

The surface topography of the films was measured with an Agilent 5500 Atomic Force Microscope operated in the Acoustic Mode. The thicknesses of the polymer films were measured with a KLA Tencor Alpha-Step Surface Profiler.

Electrical characterization
---------------------------

The electrical characteristics of transistors were measured in a nitrogen glovebox on a Wentworth Laboratories probe station with an Agilent B1500A semiconductor device analyzer. Linear charge carrier mobility values were extracted by the transfer characteristic curves according to the gradual channel approximation[@b35], following the expression , where *I~d~* is the drain current, *μ~lin~* is the linear mobility, *C~die~* is the specific dielectric capacitance, *W* and *L* are the width and the length of the channel, respectively, *V~g~* is the gate voltage, *V~d~* is the drain voltage and *V~t~* is the threshold voltage. Saturation charge carrier mobility values were extracted by the transfer characteristic curves according to the expression , where *I~d~* is the drain current, *μ~sat~* is the saturation mobility. Accordingly, the *V~g~* dependent values of *μ~lin~* (*μ~sat~*) were obtained from the slope of *I~d~* vs. *V~g~* (*I~d~^0.5^* vs. *V~g~*), calculated every three points around each *V~g~* value.

Optical characterization
------------------------

Polarized optical microscope images were recorded in transmission mode with a Zeiss Axio Scope A1 equipped with two crossed polarizers ([Figure 1](#f1){ref-type="fig"}) or with a single polarizer through a long-wavelength pass edge filter with cut-off at 600 nm ([Figure 3](#f3){ref-type="fig"}).

Charge modulation spectroscopy
------------------------------

The CMS spectra were collected by measuring the normalized transmittance variation (Δ*T*/*T*) induced by applying a modulated voltage (*V~g~* = 60 V ± 10 V, *f*~mod~ = 993 Hz) to the gate electrode while keeping the source and drain contacts grounded. A tungsten lamp was used as a probing light. Probe light, after being monochromated, was focused on the sample which was kept in a vacuum chamber during the whole measurement. The transmitted light was then collected and focused on a silicon photodiode whose output was connected to a transimpedance amplifier (Femto DHPCA-100); the signal was then recovered through a digital lock-in amplifier (Stanford Research Systems SR830).
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![Cross-polarized optical microscope image.\
Optical microscope image taken through two crossed-polarizers to highlight birefringence in a P(NDI2OD-T2) film deposited from toluene. The areas which appear dark highlights the polymer alignment along one of two polarizes direction, while the narrow bright line identify a direction close to ±45° (maximum transmission light intensity). At the gentle intersection of two or more lines, the polymer order is rearranged resulting in an extended defect region. In the inset: molecular structure of P(NDI2OD-T2).](srep03425-f1){#f1}

![Films topography.\
AFM images of P(NDI2OD-T2) thin films deposited from CN:CF (a,b), DCB (c,d) and toluene (e,f) solutions. Scan size is 2 μm × 2 μm in (a), (c) and (e) and 0.3 μm × 0.3 μm in (b), (d) and (f). Nodular structures are revealed in films deposited from CN:CF, while fibrils appear in the case of DCB and toluene. In the case of toluene, fibrils preserve a preferential alignment, one with respect to the other, over the all scanned area: this is highlighted by 2D Fast Fourier Transform (FFT) images (modules, in the insets, scale bar: 100 μm^−1^).](srep03425-f2){#f2}

![Polarized optical microscope image.\
(a) Optical microscope image taken using one polarizer to identify preferential orientation within the ordered domains of P(NDI2OD-T2) film deposited from toluene. Starting from the top, the polarizer is rotated incrementally by 45°. Images at smaller intervals are provided as a video in the [supplementary material](#s1){ref-type="supplementary-material"}. (b) A sketch of P(NDI2OD-T2) polymer backbones orientation (white dashed guidelines) across the domains within the inset indicated in panel (a). Supra-molecular fibrils follow the same orientation, as evidenced by AFM analysis ([Figure S5](#s1){ref-type="supplementary-material"}).](srep03425-f3){#f3}

![Effect of long-range order on charge transport properties in P(NDI2OD-T2) FETs.\
(a) Schematic representation of the Top-Gate, Bottom-Contacts FETs realized in this work; channel width *W* = 10 mm, channel length *L* = 20 μm, dielectric specific capacitance *C~die~* = 4.8 nFcm^−2^. (b) *N*-channel transfer characteristics in saturation regime (*V~d~* = 50 V) of the FETs with P(NDI2OD-T2) films as the active layer deposited from toluene (black line), DCB (red line) and CN:CF (green line). (c) *N*-channel transfer characteristics in linear regime (*V~d~* = 5 V) with films deposited from toluene (black line), DCB (red line) and CN:CF (green line); dashed blue lines indicate the linear fit. (d) Typical linear (dashed lines) and saturation (solid lines) mobility as a function of the gate voltage for FETs with films processed from different solvents. (e) Average linear and saturation mobility as a function of the solvent for a set of at least 10 devices for each data point. (f) Typical linear and saturation mobility as a function of the gate voltage for FETs with films deposited from toluene with *L* = 20 μm (blue lines), *L* = 10 μm (orange lines), *L* = 5 μm (magenta lines).](srep03425-f4){#f4}

![Charge Modulation Spectroscopy measurements on P(NDI2OD-T2) FETs.\
CMS spectra of films from toluene (red line), DCB (green line) and CN:CF (blue line), measured on semitransparent FETs described in the Methods section.](srep03425-f5){#f5}
